


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































𝐺^_`a,b, 𝐺^_`a,b ≤ 𝐷def,b






































18 − 𝑇b, 𝑇b < 18







































































































𝐶𝑂𝑃hi 𝑅𝐻𝑃hi, 𝑇w =
𝐻𝐻𝑃hi 𝑅𝐻𝑃hi, 𝑇w + 𝐻𝑆𝑈𝑃hi 𝑅𝐻𝑃hi, 𝑇w










0, 𝑇w ≥ 𝑇asX_n`
𝐻𝐷 𝑇w
𝐻𝐷 𝑇asX_n`
	×	𝐻𝐻𝑃hi 𝑅𝐻𝑃hi, 𝑇asX_n` − 𝐻𝐻𝑃hi 𝑅𝐻𝑃hi, 𝑇w , 𝑇w < 𝑇asX_n`
	
	 (2.16)	


































𝐺^_`a,b − 𝐸^_`a,def,b, 𝐺^_`a,b − 𝐸^_`a,def,b ≤ 𝐷hi,b











































𝐺^_`a,b − (𝐸^_`a,def,b	+	𝐸^_`a,hi,b), 𝐺^_`a,b − (𝐸^_`a,def,b	+𝐸	^_`a,hi,b) ≤ 𝐷jik,b









































































































































































78.5%	 9.8%	 N/A	 88.3%	 15.7%	 5.02%	 N/A	 3.05	 13.0%	
20%	HPs:	




















































66.8%	 11.7%	 N/A	 78.5%	 19.5%	 8.36%	 N/A	 4.54	 15.2%	
20%	HPs:	






























































































































































































































































































































































































































𝜇k∗|±∗ = 𝜇k∗ + 𝜌
𝜎k∗
𝜎±∗
𝐹∗ − 𝜇±∗ 	
	 (3.17)	











































































































ÀÁÂÃ ∗ = 𝛽Å	
	 (3.28)	



































































A	 11,746	 43.1	 31.2	 0.416	 0.265	
B	 2018	 7.72	 5.80	 0.436	 0.281	
C	 4886	 18.1	 13.1	 0.422	 0.262	
D	 3000	 11.9	 8.64	 0.451	 0.282	
E	 10836	 40.8	 29.0	 0.429	 0.262	
F	 3170	 11.8	 8.36	 0.425	 0.259	
G	 1032	 4.14	 2.99	 0.457	 0.283	
H	 16	 0.054	 0.043	 0.387	 0.262	
I	 0	 0	 0	 NA	 NA	
J	 86	 0.244	 0.185	 0.324	 0.210	
K	 920	 3.34	 2.62	 0.414	 0.280	























































































































































































































































A	 1801	 9.7%	 2940	 7.5%	 1113	 14%	
B	 1147	 6.2%	 2209	 6.0%	 604	 8.4%	
C	 1866	 10%	 3074	 8.6%	 1132	 13%	
D	 671	 3.6%	 1113	 2.3%	 173	 7.0%	
E	 897	 4.8%	 1531	 4.2%	 223	 5.3%	
F	 1315	 7.0%	 2442	 6.6%	 716	 8.9%	
G	 1180	 6.3%	 2455	 7.1%	 180	 4.7%	
H	 331.3	 1.8%	 1036	 2.1%	 1	 1.0%	
I	 695.0	 3.7%	 1532	 4.4%	 164	 2.9%	
J	 6184	 33%	 11,479	 34%	 2848	 30%	
K	 2567	 14%	 5947	 18%	 431	 4.7%	
























































































































































































𝑈as~.qrXs,ª,v = min 𝑊X,v
X∈hÉ






































































Z , ∀𝑧 ∈ 𝑍, ∀𝑧′ ∈ 𝑍, ∀𝑡 ∈ Τ	
	 (4.11)	
𝑇ÊÏÊ,v ≤ 𝐿ÊÊÏ
¬ , ∀𝑧 ∈ 𝑍, ∀𝑧′ ∈ 𝑍, ∀𝑡 ∈ Τ	
	 (4.12)	























































































Scenario	 CF	{unit	cost	in	$/MWh}	5	GW	Wind	 10	GW	Wind	 20	GW	Wind	 30	GW	Wind	
A:	Unconstrained	 0.35	{53}	 0.33	{56}	 0.31	{60}	 0.29	{65}	
B:	Demand	Constraint	 0.35	{53}	 0.33	{56}	 0.30	{61}	 0.27	{69}	
C:	Demand	Constraint	+	
Baseload	Generation	 0.35	{53}	 0.33	{56}	 0.27	{67}	 0.22	{82}	
D:	Zonal	Demand	+	
Transmission	Limits	 0.35	{53}	 0.33	{56}	 0.29	{63}	 0.24	{72}	
E:	Zonal	Demand	+	Base	Gen.	+	















































































































































































Limits4	 5250	 6210	 0.235	 78.3	 5250	 6210	 0.186	 99.0	
90th	
Percentile	 6253	 6210	 0.246	 75.4	 7162	 7065	 0.204	 91.2	
99th	
Percentile	 8402	 7792	 0.252	 74.8	 9300	 8734	 0.207	 91.2	
99.9th	
Percentile	 9164	 8454	 0.254	 74.9	 10,475	 9474	 0.207	 91.5	
Unrestricted	





















































































































































































































































































































Z , ∀𝑧 ∈ 𝑍, ∀𝑧′ ∈ 𝑍, ∀𝑡 ∈ 𝑇	
	 (5.5)	
𝑇ª,,ÊÏÊ,v ≤ 𝐿ÊÊÏ
¬ , ∀𝑧 ∈ 𝑍, ∀𝑧′ ∈ 𝑍, ∀𝑡 ∈ 𝑇	
	 (5.6)	









































































































































𝑁𝐿𝑃ª,,v = max 𝑁𝐿ª,,v − 𝐶qrXs,ª, − 𝐶n,ª,
n∈hâ






















































































































(vê) = 𝑁𝐿ª,,Ê,v − 𝑁𝐿ª,,Ê,v¬`¿ê	
	 (5.27)	
𝑁𝐿𝑅ª,,h,v



















30	Minutes	 30	Minute	Total	Reserve	 30	 6	















(vê) 	 	𝑃 𝑁𝐿𝑅ª,,Ê,é
vê ≤ 𝑁𝐿𝑅ª,,Ê,v






(vê) 	 	𝑃 𝑁𝐿𝑅ª,,Ê,é
vê ≥ 𝑁𝐿𝑅ª,,Ê,v



















































𝑛n,ª,,vw` = 	max 0, 𝑛n,v − 𝑛n,v¬W 	 , ∀𝑡 ∈ Τa, ∀𝑔 ∈ 𝑆n	
	 (5.33)	
𝑛n,ª,,v











































𝐸n,ª,,v ≤ 𝑛n,v − 𝑛n,ª,,vw` ×𝑐n + 𝑛n,ª,,vw` ×𝑒n~_`	, ∀𝑡 ∈ Τa, ∀𝑔 ∈ 𝑆n	
	 (5.38)	
	 117	




































































0%	NYC	HPs	 28%	NYC	HPs	 61%	NYC	HPs	 Uncurtailed	
1	 0.357	 0.357	 0.357	 0.357	
5	 0.323	 0.323	 0.323	 0.323	
10	 0.303	 0.303	 0.307	 0.307	
20	 0.264	 0.267	 0.269	 0.287	








































0	 10,479	 5184	 1848	 0.495	
10	 10,479	 4759	 0	 0.454	
20	 10,479	 3802	 0	 0.363	


























































0	 10,479	 5184	 1848	 0.495	
28	 10,479	 5794	 2311	 0.545	



























0	 10,479	 3225	 0	 0.308	
28	 10,479	 3626	 0	 0.344	







































Kernel Density − 5min Net Load Ramps − New York State













Kernel Density − 5min Net Load Ramps − New York City












Kernel Density − 10min Net Load Ramps − New York State














Kernel Density − 10min Net Load Ramps − New York City















Kernel Density − 30min Net Load Ramps − New York State













Kernel Density − 30min Net Load Ramps − New York City











Kernel Density − 1hr Net Load Ramps − New York State













Kernel Density − 1hr Net Load Ramps − New York City







1 GW Wind Capacity
5 GW Wind Capacity
10 GW Wind Capacity
20 GW Wind Capacity
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Extreme 5min Net Load Up−Ramps − NYS



































Extreme 5min Net Load Up−Ramps − NYC



































Extreme 10min Net Load Up−Ramps − NYS



































Extreme 10min Net Load Up−Ramps − NYC





































Extreme 30min Net Load Up−Ramps − NYS


































Extreme 30min Net Load Up−Ramps − NYC




































Extreme 1hr Net Load Up−Ramps − NYS






































Extreme 1hr Net Load Up−Ramps − NYC



















































































Extreme 5min Net Load Up−Ramps − NYS




































Extreme 5min Net Load Up−Ramps − NYC



































Extreme 10min Net Load Up−Ramps − NYS



































Extreme 10min Net Load Up−Ramps − NYC





































Extreme 30min Net Load Up−Ramps − NYS




































Extreme 30min Net Load Up−Ramps − NYC




































Extreme 1hr Net Load Up−Ramps − NYS





































Extreme 1hr Net Load Up−Ramps − NYC














































































































































































































































0	 0	 188.3	 435.0	 41.8%	 0	
30000	 0	 159.7	 429.7	 37.2%	 0	
30000	 2351	 159.7	 428.9	 37.2%	 1336	
Day	B	–	30	GW	Wind	–	No	New	Heat	Pumps	
0	 0	 114.7	 228.2	 47.3%	 0	
30000	 0	 39.5	 93.3	 42.4%	 0	
30000	 2351	 39.5	 92.7	 42.6%	 2073	
Day	C	–	30	GW	Wind	–	No	New	Heat	Pumps	
0	 0	 127.7	 265.1	 45.7%	 0	
30000	 0	 81.5	 209.6	 38.9%	 0	
30000	 2351	 81.5	 209.5	 38.9%	 32.4	
Day	D	–	30	GW	Wind	–	No	New	Heat	Pumps	
0	 0	 107.4	 210.7	 47.8%	 0	
30000	 0	 11.3	 27.5	 41.0%	 0	
30000	 2351	 11.3	 27.3	 41.2%	 362	
Day	D	–	30	GW	Wind	–	61%	Heat	Pumps	
0	 0	 121.6	 149.2	 51.8%	 0	
30000	 0	 13.9	 30.2	 45.9%	 0	


















































































































































































































































































































































































































































































































































































































































































































































































































































1	 Residential	Corridors	 28	 Modulating	 20	 Modulating	
2	 Residential	Lobby	 39	 Modulating	 18.2	 Modulating	
3	 Commercial	C	 15	 Two-way	 7.2	 Two-way	
4	 Residential	Gym	 22.2	 Two-way	 12	 Two-way	
5	 Commercial	A	 82.8	 Modulating	 26.2	 Modulating	
6	 Commercial	A	 3.5	 None/Open	 N/A	 None/Open	
7	 Commercial	A	 8	 Two-way	 N/A	 Two-way	
8	 Commercial	A	 5	 None/Open	 N/A	 None/Open	
9	 Commercial	B	 4.8	 Modulating	 3	 Two-way	
10	 Commercial	B	 24	 Two-way	 15	 Two-way	
11	 Commercial	B	 12	 Two-way	 7.5	 Two-way	












































P-1	 595	 100	 20	 87.0	 595	 73	 15	 84.4	
P-2	 595	 100	 20	 87.0	 595	 73	 15	 84.4	
P-3	 595	 100	 20	 87.0	 595	 73	 15	 84.4	
P-4	 420	 100	 20	 78.8	 420	 75	 15	 82.2	
P-5	 420	 70	 15	 77.5	 420	 75	 15	 82.2	
P-6	 1116	 80	 30	 84.2	 1120	 65	 25	 88.0	
P-7	 1116	 80	 30	 84.2	 1120	 65	 25	 88.0	
P-8	 1116	 80	 30	 84.2	 1120	 65	 25	 88.0	
P-10	 477	 35	 10	 63.7	 480	 45	 10	 74.6	
P-11	 477	 35	 10	 63.7	 480	 45	 10	 74.6	
P-12	 477	 35	 10	 63.7	 480	 45	 10	 74.6	
P-13	 147	 30	 2	 72.4	 150	 40	 3	 73.6	
P-14	 147	 30	 2	 72.4	 150	 40	 3	 73.6	
P-15	 147	 30	 2	 72.4	 150	 40	 3	 73.6	
P-16	 --	 --	 --	 --	 595	 40	 10	 81.0	
























































































Scenario	 Pump	 VFD	 AHU	Subset	Valves	
Pre-Retrofit	 Original	 N/A	 Original	
State	A	 Replacement	 Auto	 PICVs	
State	B	 Replacement	 Auto	 Original	
State	C	 Replacement	 Bypass	 PICVs	
































































































































































































































































































































































𝑘ow, = 𝑟𝑘so, + 1 − 𝑟 𝑘w^so,	
	 (6.16)	
where	rx	is	a	constant	between	0	and	1,	such	that:	




























































































































































































































































































































1	 0.0267	 0.030	 1.39E-03	
1.25	 0.0351	 0.026	 3.07E-04	
1.5	 0.0409	 0.023	 1.26E-04	
2	 0.0526	 0.022	 3.42E-05	
2.5	 0.0627	 0.021	 1.35E-05	
3	 0.0780	 0.021	 4.55E-06	
4	 0.102	 0.019	 1.07E-06	
5	 0.128	 0.018	 3.24E-07	
6	 0.154	 0.017	 1.22E-07	









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Site	ID	 Turbine	ID	 Hub	Height	(m)[71]	 IEC	Class1	
E1	 T1	 80	 3	
E2	 T1	 80	 2	
E3	 T2	 65	 2	
E4	 T3	 80	 3	
E5	 T4	 67	 2	
E6	 T5	 80	 2	
E7	 T3	 80	 2	
E8	 T3	 80	 3	
E9	 T3	 80	 3	
E10	 T3	 80	 3	
E11	 T3	 80	 3	
E12	 T3	 80	 3	
E13	 T3	 80	 3	
E14	 T6	 85	 2	
E15	 T7	 65	 2	








0	 0	 0	 0	
1	 0	 0	 0	
2	 0	 0	 0	
3	 0.0043	 0.0052	 0.0054	
4	 0.0323	 0.0423	 0.053	
5	 0.0771	 0.1031	 0.1351	
6	 0.1426	 0.1909	 0.2508	
7	 0.2329	 0.3127	 0.4033	
8	 0.3528	 0.4731	 0.5952	
9	 0.5024	 0.6693	 0.7849	
10	 0.6732	 0.8554	 0.9178	
11	 0.8287	 0.9641	 0.9796	
12	 0.9264	 0.9942	 1	
13	 0.9774	 0.9994	 1	
14	 0.9946	 1	 1	
15	 0.999	 1	 1	
16	 0.9999	 1	 1	
17	 1	 1	 1	
18	 1	 1	 1	
19	 1	 1	 1	
20	 1	 1	 1	
21	 1	 1	 1	
22	 1	 1	 1	
23	 1	 1	 0	
24	 1	 1	 0	
25	 1	 1	 0	








T1	 T2	 T3	 T4	 T5	 T6	 T7	
0	 0	 0	 0	 0	 0	 0	 0	
1	 0	 0	 0	 0	 0	 0	 0	
2	 0	 0	 0	 0	 0	 0	 0	
3	 0	 0	 0	 0	 0	 0	 0	
4	 0.0098	 0.0060	 0.0240	 0.0305	 0.0050	 0.0045	 0.0447	
5	 0.0483	 0.0386	 0.0693	 0.0858	 0.0457	 0.0405	 0.1438	
6	 0.1060	 0.0925	 0.1367	 0.1672	 0.1248	 0.0873	 0.2735	
7	 0.1926	 0.1694	 0.2293	 0.2845	 0.2108	 0.1512	 0.4126	
8	 0.3043	 0.2657	 0.3520	 0.4377	 0.3358	 0.2353	 0.5588	
9	 0.4520	 0.3948	 0.5160	 0.6267	 0.4677	 0.3393	 0.7030	
10	 0.6360	 0.5520	 0.7193	 0.7933	 0.6088	 0.4532	 0.8242	
11	 0.8080	 0.7360	 0.8947	 0.9133	 0.7407	 0.5659	 0.9091	
12	 0.9280	 0.8640	 0.9733	 0.9600	 0.8427	 0.6713	 0.9576	
13	 0.9800	 0.9520	 0.9960	 0.9867	 0.9195	 0.7688	 0.9879	
14	 1	 0.9920	 1	 1	 0.9733	 0.8570	 1	
15	 1	 1	 1	 1	 1	 0.9270	 1	
16	 1	 1	 1	 1	 1	 0.9712	 1	
17	 1	 1	 1	 1	 1	 0.9915	 1	
18	 1	 1	 1	 1	 1	 0.9976	 1	
19	 1	 1	 1	 1	 1	 1	 1	
20	 1	 1	 1	 1	 1	 1	 1	
21	 1	 1	 1	 1	 1	 1	 0	
22	 1	 1	 1	 1	 1	 1	 0	
23	 1	 1	 1	 1	 1	 1	 0	
24	 1	 1	 1	 1	 1	 1	 0	
25	 1	 1	 1	 1	 1	 1	 0	





































































0%	HPs	 28%	HPs	 61%	HPs	 0%	HPs	 28%	HPs	 61%	HPs	
A-B	 58	 63	 88	 467	 512	 550	
B-C	 1708	 1764	 1801	 1977	 2030	 2076	
E-G	 2643	 2773	 3007	 3989	 4413	 4581	



















CCGT	 1017	 1.68	 3.27	 15.36	 6430	 6.08	
CT	 671	 1.66	 10.37	 7.04	 9750	 6.08	


































CCGT	 13	 3974.1	 3299.1	 40	 8	 30	 120	 120	
ST	 10	 4037.9	 3861.4	 40	 5	 10	 120	 120	
JE	 31	 1488.2	 1388.6	 30	 10	 10	 30	 30	


















CCGT	 0.262	 1.62	 0.239	
ST	 0.124	 2.65	 0.065	
JE	 0.798	 2.05	 0.159	
CT	 0.932	 2.39	 0.185	














100%	 99.99%	 99.9%	 99.9%	 99.99%	 100%	
5-Minute	Net	Load	Ramps	
0	 -1251	 -414	 -294	 385	 516	 1049	
1000	 -1255	 -419	 -294	 385	 517	 1050	
5000	 -1273	 -419	 -301	 385	 519	 1251	
10000	 -1709	 -446	 -318	 398	 528	 2040	
20000	 -2815	 -522	 -370	 465	 640	 3394	
30000	 -1251	 -558	 -408	 515	 713	 3823	
10-Minute	Net	Load	Ramps	
0	 -1330	 -615	 -480	 617	 736	 2093	
1000	 -1339	 -620	 -483	 615	 739	 2096	
5000	 -1379	 -670	 -499	 623	 760	 2092	
10000	 -1755	 -736	 -549	 670	 853	 2074	
20000	 -2920	 -922	 -681	 831	 1097	 3345	
30000	 -1403	 -1031	 -762	 937	 1212	 3780	
30-Minute	Net	Load	Ramps	
0	 -2065	 -1407	 -1189	 1397	 1516	 3211	
1000	 -2067	 -1416	 -1195	 1403	 1527	 3214	
5000	 -2160	 -1552	 -1266	 1499	 1750	 3211	
10000	 -2443	 -1805	 -1433	 1757	 2148	 3196	
20000	 -3068	 -2384	 -1858	 2295	 2905	 3619	
30000	 -3527	 -2686	 -2109	 2611	 3180	 3695	
1-Hour	Net	Load	Ramps	
0	 -2993	 -2578	 -2258	 2467	 2629	 3453	
1000	 -3055	 -2579	 -2258	 2496	 2711	 3456	
5000	 -3199	 -2808	 -2398	 2776	 3339	 3777	
10000	 -3877	 -3191	 -2654	 3301	 3976	 4415	
20000	 -4659	 -4170	 -3391	 4281	 5233	 5862	












100%	 99.99%	 99.9%	 99.9%	 99.99%	 100%	
5-Minute	Net	Load	Ramps	
0	 -557	 -213	 -123	 134	 199	 494	
1000	 -557	 -213	 -123	 134	 199	 494	
5000	 -557	 -257	 -164	 182	 297	 494	
10000	 -676	 -340	 -242	 292	 408	 906	
20000	 -2766	 -455	 -326	 406	 567	 2297	
30000	 -1034	 -525	 -372	 460	 645	 3862	
10-Minute	Net	Load	Ramps	
0	 -670	 -301	 -191	 200	 274	 511	
1000	 -670	 -301	 -191	 200	 274	 511	
5000	 -670	 -402	 -271	 316	 487	 623	
10000	 -835	 -579	 -419	 504	 659	 1068	
20000	 -2858	 -823	 -610	 732	 997	 2242	
30000	 -1360	 -954	 -709	 851	 1088	 3835	
30-Minute	Net	Load	Ramps	
0	 -1011	 -594	 -384	 452	 528	 720	
1000	 -1011	 -594	 -384	 452	 528	 720	
5000	 -1337	 -887	 -676	 829	 1048	 1264	
10000	 -1535	 -1348	 -1075	 1269	 1648	 2487	
20000	 -2984	 -2204	 -1649	 1997	 2482	 3436	
30000	 -3493	 -2492	 -1921	 2329	 2884	 3549	
1-Hour	Net	Load	Ramps	
0	 -1211	 -922	 -690	 816	 887	 1015	
1000	 -1211	 -922	 -690	 816	 887	 1015	
5000	 -2282	 -1517	 -1217	 1473	 1865	 2160	
10000	 -2759	 -2350	 -1926	 2276	 2918	 3909	
20000	 -4283	 -3736	 -2910	 3518	 4371	 5080	












100%	 99.99%	 99.9%	 99.9%	 99.99%	 100%	
5-Minute	Net	Load	Ramps	
0	 -1251	 -418	 -293	 389	 517	 1049	
1000	 -1255	 -423	 -294	 389	 517	 1050	
5000	 -1273	 -418	 -301	 388	 520	 1265	
10000	 -1709	 -450	 -323	 404	 538	 2028	
20000	 -3143	 -523	 -374	 466	 640	 3381	
30000	 -1866	 -572	 -414	 520	 722	 3889	
10-Minute	Net	Load	Ramps	
0	 -1330	 -627	 -481	 626	 743	 2093	
1000	 -1339	 -632	 -483	 626	 744	 2096	
5000	 -1379	 -675	 -501	 632	 773	 2092	
10000	 -1755	 -759	 -556	 679	 866	 2074	
20000	 -3249	 -925	 -687	 833	 1100	 3319	
30000	 -1981	 -1039	 -774	 945	 1230	 3834	
30-Minute	Net	Load	Ramps	
0	 -2159	 -1447	 -1195	 1445	 1599	 3211	
1000	 -2088	 -1477	 -1198	 1446	 1610	 3214	
5000	 -2160	 -1592	 -1272	 1526	 1820	 3211	
10000	 -2458	 -1861	 -1446	 1759	 2156	 3196	
20000	 -3391	 -2404	 -1871	 2296	 2887	 3625	
30000	 -3541	 -2765	 -2143	 2633	 3245	 3698	
1-Hour	Net	Load	Ramps	
0	 -3847	 -2665	 -2264	 2546	 2836	 3453	
1000	 -3767	 -2662	 -2265	 2569	 2846	 3456	
5000	 -3665	 -2862	 -2406	 2798	 3361	 3956	
10000	 -3893	 -3208	 -2675	 3302	 4015	 4784	
20000	 -4969	 -4218	 -3412	 4274	 5238	 5869	











100%	 99.99%	 99.9%	 99.9%	 99.99%	 100%	
5-Minute	Net	Load	Ramps	
0	 -557	 -238	 -126	 138	 211	 494	
1000	 -557	 -238	 -126	 138	 211	 494	
5000	 -557	 -268	 -166	 184	 301	 494	
10000	 -676	 -374	 -251	 302	 425	 921	
20000	 -3095	 -473	 -329	 407	 565	 2571	
30000	 -1732	 -530	 -379	 469	 665	 3928	
10-Minute	Net	Load	Ramps	
0	 -670	 -345	 -197	 215	 323	 511	
1000	 -670	 -345	 -197	 215	 323	 511	
5000	 -670	 -424	 -273	 323	 484	 628	
10000	 -848	 -601	 -437	 516	 685	 1113	
20000	 -3187	 -835	 -615	 736	 1003	 2529	
30000	 -1834	 -978	 -717	 860	 1117	 3888	
30-Minute	Net	Load	Ramps	
0	 -1653	 -722	 -430	 523	 730	 1131	
1000	 -1653	 -722	 -430	 523	 730	 1131	
5000	 -1653	 -946	 -684	 840	 1074	 1272	
10000	 -1805	 -1450	 -1120	 1295	 1676	 2611	
20000	 -3312	 -2239	 -1660	 1997	 2517	 3442	
30000	 -3507	 -2565	 -1939	 2376	 2970	 3484	
1-Hour	Net	Load	Ramps	
0	 -2912	 -1139	 -778	 953	 1298	 2050	
1000	 -2912	 -1139	 -778	 953	 1298	 2050	
5000	 -2912	 -1663	 -1245	 1498	 1897	 2052	
10000	 -3354	 -2487	 -2043	 2334	 2942	 4522	
20000	 -4612	 -3822	 -2924	 3562	 4488	 5253	










Water	 Total	1o	 2o	 Total	 1o	 2o	
Pre-Retrofit	 --	 121	 121	 222	 324	 104	 90.5	 537	
State	A	 55.2	 5.98	 61.2	 158	 218	 83.4	 13.9	 316	
State	B	 55.2	 6.42	 61.6	 158	 218	 83.4	 --	 --	
State	C	 55.2	 78.1	 133	 158	 279	 83.4	 --	 --	

















1	 Straight	 8	 N/A	 67.5	











3	 Straight	 6	 N/A	 0.610	
4	 Elbow	 6	 20	 3.05	
5	 Straight	 6	 N/A	 2.44	
6	 Elbow	 6	 20	 3.05	
7	 Straight	 6	 N/A	 8.84	
8	 T-bend	 6	 60	 9.14	
9	 Straight	 3	 N/A	 4.42	
10	 Elbow	 3	 20	 1.52	
11	 Straight	 3	 N/A	 10.7	
12	 T-run	 3	 20	 1.52	
13	 Straight	 3	 N/A	 0.610	
14	 Elbow	 3	 20	 1.52	
15	 Straight	 3	 N/A	 3.05	
Vertical	
Distribution	
16	 Elbow	 3	 20	 1.52	
17	 Straight	 3	 N/A	 3.40	
18	 T-bend	 3	 60	 4.57	
Horizontal	
Distribution	
19	 Straight	 1	 N/A	 0.914	
20	 Elbow	 1	 20	 0.508	
21	 Straight	 1	 N/A	 1.83	
Load	Serving	 22	 FCU
1	 N/A	 N/A	 N/A	
23	 Valves	 1	 630	 16.0	
Horizontal	
Distribution	
24	 Straight	 1	 N/A	 1.83	
25	 Elbow	 1	 20	 0.508	











27	 T-bend	 1	 60	 1.52	
28	 Straight	 1	 N/A	 3.40	
29	 T-run	 1	 20	 0.508	
30	 Straight	 1.25	 N/A	 3.40	
31	 T-run	 1.25	 20	 0.635	
32	 Straight	 1.25	 N/A	 3.40	
33	 T-run	 1.25	 20	 0.635	
34	 Straight	 1.5	 N/A	 3.40	
35	 T-run	 1.5	 20	 0.762	
36	 Straight	 1.5	 N/A	 3.40	
37	 T-run	 1.5	 20	 0.762	
38	 Straight	 2	 N/A	 3.40	
























40	 Straight	 2	 N/A	 3.40	
41	 T-run	 2	 20	 1.02	
42	 Straight	 2.5	 N/A	 3.40	
43	 T-run	 2.5	 20	 1.27	
44	 Straight	 2.5	 N/A	 3.40	
45	 T-run	 2.5	 20	 1.27	
46	 Straight	 2.5	 N/A	 3.40	
47	 T-run	 2.5	 20	 1.27	
48	 Straight	 2.5	 N/A	 3.40	
49	 T-run	 2.5	 20	 1.27	
50	 Straight	 2.5	 N/A	 3.40	
51	 T-run	 2.5	 20	 1.27	
52	 Straight	 2.5	 N/A	 1.70	











n	 54	 Straight	 3	 N/A	 5.03	
55	 Elbow	 3	 20	 1.52	
56	 Straight	 3	 N/A	 0.914	
57	 Elbow	 3	 20	 1.52	











59	 T-bend	 3	 60	 4.57	
60	 Straight	 4	 N/A	 3.40	
61	 T-run	 4	 20	 2.03	
62	 T-run	 4	 20	 2.03	
63	 Straight	 4	 N/A	 3.40	
64	 T-run	 4	 20	 2.03	
65	 T-run	 4	 20	 2.03	
66	 Straight	 4	 N/A	 3.40	
67	 T-run	 4	 20	 2.03	
68	 T-run	 4	 20	 2.03	
69	 Straight	 4	 N/A	 3.40	
70	 T-run	 4	 20	 2.03	
71	 T-run	 4	 20	 2.03	
72	 Straight	 4	 N/A	 1.70	












74	 Straight	 4	 N/A	 0.914	
75	 Elbow	 4	 20	 2.03	
76	 Straight	 4	 N/A	 2.13	
77	 Elbow	 4	 20	 2.03	
78	 Straight	 4	 N/A	 2.29	
























80	 Straight	 5	 N/A	 2.29	
81	 T-run	 5	 20	 2.54	
82	 Straight	 6	 N/A	 0.914	
83	 Elbow	 6	 20	 3.05	
84	 Straight	 6	 N/A	 0.305	
85	 T-run	 6	 20	 3.05	
86	 Straight	 6	 N/A	 0.305	
87	 Elbow	 6	 20	 3.05	
88	 Straight	 6	 N/A	 0.457	
89	 T-run	 6	 20	 3.05	
90	 Straight	 6	 N/A	 1.83	
91	 T-run	 6	 20	 3.05	
92	 Straight	 8	 N/A	 2.13	
93	 Elbow	 8	 20	 4.06	
94	 Straight	 8	 N/A	 0.914	
Vertical	
Distribution	
95	 Elbow	 8	 20	 4.06	
96	 Straight	 8	 N/A	 6.25	
1The	equivalent	pipe	length	method	cannot	be	used	with	the	FCU.	The	component	k-value	was	computed	
from	the	design	pressure	drop	and	flow	rate:	0.0670	bar/(m3/h)2	
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Figure	A.1	Extreme	30-minute	ramping	events	-	No	additional	heat	pumps	
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Figure	A.2	k-value	vs.	cooling	load	with	nonlinear	regression	fits	–	Pre-retrofit	
	
	
Figure	A.3	k-value	vs.	cooling	load	with	nonlinear	regression	fits	–	Post-retrofit	State	A	
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Figure	A.4	k-value	vs.	cooling	load	with	nonlinear	regression	fits	–	Post-retrofit	State	B	
	
	
Figure	A.5	k-value	vs.	cooling	load	with	nonlinear	regression	fits	–	Post-retrofit	State	C	
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Figure	A.6	k-value	vs.	cooling	load	with	nonlinear	regression	fits	–	Post-retrofit	State	D	
	
	
